DNA methylation is an important epigenetic mechanism for silencing transposons and other repetitive elements, and for stable repression of specific transgenes and endogenous genes. Plants can utilize small interfering RNAs (siRNAs) to guide de novo DNA methyltransferases for the establishment of sequence-specific DNA methylation. Genetic and biochemical approaches have identified many components involved in RNA-directed DNA methylation (RdDM). These components function in one or more of the following three aspects: biogenesis of siRNAs, production of scaffold RNAs, and the assembly of an effector complex that involves the complementary pairing between the guide siRNAs and nascent scaffold RNAs and that recruits the DNA methyltransferases. Recent studies not only unveiled new molecular players and novel interactions, but also suggested spatial and temporal segregation of the RdDM process within the nucleus. DOI 10.1016DOI 10. /j.pbi.2011 Introduction DNA encodes genetic information that needs to be selectively transcribed during different developmental stages and in response to various environmental stimuli. Epigenetic silencing through formation of heterochromatin, which involves DNA methylation and/or repressive histone modifications, plays an important role in suppressing unfavorable transcription of genes and preventing the proliferation of transposable elements. In plants, 24-nt small interfering RNAs (siRNAs) are known to guide DNA methyltransferases to the siRNA-generating genomic loci and other loci that are homologous to the siRNAs for de novo DNA methylation, a pathway named RNAdirected DNA methylation (RdDM) [1] [2] [3] [4] . Since the first report of RdDM phenomenon in 1994 [1], research to date has unveiled major steps in this albeit still incomplete pathway. Paradoxically, transcription is a prominent theme for transcriptional silencing through the RdDM pathway. This transcription involves three different DNA-dependent RNA polymerases that produce not only siRNA precursors but also scaffold RNAs that are necessary for RdDM. In this review, we describe the current understanding of RdDM and focus on recent discoveries that advanced the mechanistic insights into this pathway.
Introduction
DNA encodes genetic information that needs to be selectively transcribed during different developmental stages and in response to various environmental stimuli. Epigenetic silencing through formation of heterochromatin, which involves DNA methylation and/or repressive histone modifications, plays an important role in suppressing unfavorable transcription of genes and preventing the proliferation of transposable elements. In plants, 24 nt small interfering RNAs (siRNAs) are known to guide DNA methyltransferases to the siRNA-generating genomic loci and other loci that are homologous to the siRNAs for de novo DNA methylation, a pathway named RNAdirected DNA methylation (RdDM) [1] [2] [3] [4] . Since the first report of RdDM phenomenon in 1994 [1] , research to date has unveiled major steps in this albeit still incomplete pathway. Paradoxically, transcription is a prominent theme for transcriptional silencing through the RdDM pathway. This transcription involves three different DNA-dependent RNA polymerases that produce not only siRNA precursors but also scaffold RNAs that are necessary for RdDM. In this review, we describe the current understanding of RdDM and focus on recent discoveries that advanced the mechanistic insights into this pathway.
Overview of RdDM pathway
In plants and mammals, DNA methylation is commonly found on transposons and other repetitive DNA elements [5, 6] . In plants, DOMAIN REARRANGED METHYL-TRANSFERASE 2 (DRM2), an ortholog of the mammalian de novo DNA methyltransferase DNMT3, is primarily responsible for catalyzing de novo DNA methylation [7] . DNA Methyltransferase 1 (MET1), which is an ortholog of mammalian DNMT1, and the plant-specific CMT3, are CG-specific and CHG-specific maintenance methyltransferases, respectively. However, MET1 and CMT3 appear to also play a role in de novo methylation [8] [9] [10] . Recruitment of DRM2 and possibly other methyltransferases to their target sites can be mediated by the RdDM pathway. Because CHH methylation cannot be sustained by the maintenance methyltransferases, it must occur de novo every time there is DNA replication, and guidance by siRNAs ensures preservation of specific CHH methylation patterns in daughter cells. RdDM pathway has recently been shown to mediate faithful restoration of DNA methylation defects caused by mutations in the chromatin remodeler gene DDM1 [11] . In Arabidopsis, many molecular components required for RdDM have been identified, resulting in a delineated pathway (Figure 1 ). In general, the pathway consists of three phases: biogenesis of siRNAs, scaffold RNA production, and recognition of homologous ARGONAUTE 4 (AGO4)-bound or AGO6-bound siRNAs by the nascent scaffold RNA that leads to formation of a guiding complex that recruits DRM2 to the target loci ( Figure 1 ).
Biogenesis of siRNAs
The 24-nt siRNAs require RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) and DICER-LIKE 3 (DCL3) for accumulation [12] . While most of them require only RNA polymerase IV (Pol IV), some also require Pol V, Pol II and other components of the effector complex [13,14 ,16 ,17 ,18] . Pol IV and Pol V have unique subunits but also share several subunits between them and with Pol II [19 ,20,21 ] . The plant-specific Pol IV and Pol V clearly evolved from the more ubiquitous Pol II. In non-plant eukaryotes, where Pol IV and Pol V are not present but small RNAs are produced and can also direct DNA methylation and/or heterochromatic histone modifications [22,21 ,23,24] , Pol II alone probably serves all of the roles of the three or even four plant polymerases (Pol II, Pol IV, Pol V and RDR2).
Current understanding favors a role for Pol IV in initiating siRNA biogenesis by generating an abberant, singlestranded RNA (ssRNA) [3, 4, 13] . Although mutations in Pol IV drastically reduce 24-nt siRNA abundance [14 ,15,25 ] , Pol IV transcripts have yet to be identified. Templates for Pol IV transcription remain unclear, with methylated DNA, nascent ssRNA, or double-stranded RNA (dsRNA) being candidates [4, 13] . Upon generation of ssRNA by Pol IV, RDR2 is thought to convert the ssRNA into double-stranded RNA (dsRNA), which is then processed into 24-nucleotide (nt) siRNAs by DCL3 [3, 4] . HUA ENHANCER 1 (HEN1) is then involved in the pathway through 3 0 -terminal ribose methylation that stabilizes the siRNAs [26] . Alternative to Pol IV and RDR2 mediation, dsRNAs can also be derived from RNA polymerase II(Pol II) transcription of inverted repeats [13, 15] . In addition to these canonical siRNA-generating components, genetic screening recently identified RNA-DIRECTED DNA METHYLATION 4 (RDM4; also known as DMS4) as a regulatory factor for RNA polymerases II and V [16 ,17 ] . RDM4 encodes a conserved putative transcription factor, whose loss-of-function not only impairs the RdDM pathway due to effects on Pol V transcription of intergenic sequences but also causes pleiotropic developmental defects in Arabidopsis due to effects on Pol II transcription of protein-coding genes. Early steps in siRNA biogenesis also involves CLASSY 1 (CLSY1, also known as CHR38), a putative SNF2-like chromatin remodeling factor, which has been suggested to function together with Pol IV or RDR2 [18] .
Scaffold RNA production
Scaffold RNAs originated from intergenic non-coding sequences appear to be required for silencing adjacent siRNA-generating loci [27 ,28 ,29 ] . Pol V and Pol II both have been shown to generate scaffold RNAs for RdDM [27 ,29 ] . NRPE1 (NUCLEAR RNA POLY-MERASE E1), the largest subunit of Pol V, is necessary for scaffold RNA generation at several loci. In addition, NRPE1 was shown to associate with the DNA templates and scaffold RNAs. These results suggest that the nascent scaffold RNAs are Pol V transcripts [27 ] . Pol II appears to generate scaffold RNAs at intergenic lowcopy-number repeat loci [28 ] . In a weak mutant allele of NRPB2 (the second largest subunit of Pol II), occupancy of Pol IV at heterochromatic loci where siRNA production depends on Pol IV but not Pol V was reduced compared to that in wild type Arabidopsis; similarly, occupancy of Pol V at regions adjacent to these siRNAgenerating loci was reduced in thenrpb2 mutant [28 ] . The study suggested that the different RNA polymerases cooperate during the RdDM process and the scaffold transcripts generated by Pol II may help recruit Pol IV and Pol V to the RdDM target loci. RdDM at low-copynumber repeat loci thus involves at least two types of scaffold RNAs, one produced by Pol II and the other produced by Pol V. Pol V-dependent synthesis of scaffold RNAs requires the putative chromatin-remodeling protein DRD1 (DEFECTIVE IN RNA-DIRECTED DNA METHYLATION 1), the chromosome hinge domain protein DMS3 (DEFECTIVE MERISTEM SILENCING 3), and RDM1 [27 ,28 ,30,32,33 ] ; whereas Pol II requires DRD1 but not DMS3 for scaffold RNA production [28 ] . The effect of RDM1 on Pol IIdependent scaffold RNAs has not been examined.
Biogenesis of siRNAs is not essential for scaffold RNA production, as demonstrated in Arabidopsis mutants defective in DCL3, RDR2, or the largest subunit of Pol IV NRPD1 (NUCLEAR RNA POLYMERASE D 1) [27 ] . Scaffold RNAs in yeast not only dock siRNA binding but also function as precursors of siRNAs [34, 35] . Theoretically Pol V or Pol II transcripts may provide templates for Pol IV transcription or directly act as siRNA precursors by serving as RDR2 templates. Alternatively, the scaffold transcripts could affect siRNA accumulation RNA-directed DNA methylation Zhang and Zhu 143 Subsequently, siRNAs bind to the homologous nascent scaffold RNAs, resulting in a guiding complex that recruits DRM2 for de novo DNA methylation. Scaffold RNAs may also cause repressive histone modifications that also contribute to the formation of heterochromatin [49, 50] . Proteins involved in each process are as indicated. Scaffold RNAs may also be copied to generate siRNAs.
by recruiting Pol IV, or by influencing DNA methylation or heterochromatic histone modification marks that are important for siRNA biogenesis. Consistent with these possibilities, siRNA accumulation from low-copy-number repeats and intergenic sequences is reduced in nrpe1 and nrpb2 mutants of Arabidopsis.
The guiding complex and DRM2 recruitment siRNAs loaded onto AGO4 or AGO6 are thought to serve as sequence-specific guides during RdDM by pairing with complementary DNA targets or nascent scaffold RNAs from the DNA targets [1] [2] [3] [4] 36] . Recent evidence favors the RNA-RNA pairing model [5, 8, 27 ,28 ]. In parallel to the base-pairing between siRNAs and nascent scaffold RNAs, specific protein interactions are required for establishing the guiding complex that recruits DRM2. Among members of such a complex are AGO4 and AGO6, and proteins involved in synthesizing or binding scaffold RNAs, including Pol V, Pol II, DRD1, DMS3, RDM1 and KOW-DOMAIN CONTAINING TRANSCRIPTION FACTOR 1 (KTF1). The siRNA-scaffold RNA interaction is further strengthened by two other interactions. First, AGO4 binds strongly to NRPE1 and KTF1, both of which contain many GW/WG repeats, the so-called 'Ago hook' domains [37,38 ,39] . Several GW/WG motifs are also present in NRPB2, which may help recruit AGO4 to Pol II-generated scaffold transcripts [28 ] . Second, the extensive GW/WG repeats-containing tails of NRPE1 and KTF1 can also bind scaffold RNAs [38 ] . Recent studies indentified IDN2 (also known as RDM12) as another putative effector protein in RdDM. IDN2 contains an XS domain known to bind dsRNAs with 5 0 -overhangs and is therefore suggested to facilitate siRNA-scaffold RNA base-pairing [31, 40] . Alternatively, IDN2 may facilitate the function of RDR2, a role analogous to the XS domain-containing protein SGS3 in facilitating the function of RDR6 [40] .
Dysfunction of RDM1 reduces abundance of 'Pol IVdependent and Pol V-dependent' type I siRNAs, but does not affect 'Pol IV-dependent but Pol V-independent' type IIsiRNAs [41 ] , suggesting that RDM1, like Pol V and AGO4, may influence reinforcement, rather than initiation, of siRNAs production and is therefore an effector protein for RdDM. Consistently, RDM1 interacts with NRPB1 of Pol II [41 ] , and also co-purifies with DRD1 and DMS3, forming a complex necessary for Pol V transcription [33 ] . Importantly, RDM1co-immunoprecipitatesand co-localizes with AGO4 as well as DRM2 in the nucleus [41 ] , suggesting that RDM1 is part of a larger complex that contains DRM2. The observation that RDM1 binds single-stranded methylated DNA in vitro [41 ] also supports a central role of RDM1 in the silencing complex. Pol II and/or Pol V transcription necessitates a transient unwinding of DNA to generate single-stranded DNA, to which RDM1 may bind in vivo. Alternatively, RDM1 may bind single-stranded DNA during DNA replication, which would imply a coupling between RdDM and DNA replication.
Spatial and temporal distribution of RdDM foci
Cytological analyses have recently suggested spatial and temporal patterns of RdDM foci. Co-localization of siRNAs with RDR2, DCl3, AGO4, and NRPE1 was observed in peri-nucleolar bodies, which are proposed as siRNA processing centers [42] . DRM2 co-localizes with AGO4, NRPE1, andNRPD/E2 (the second largest subunit common to Pol IV and Pol V) in peri-nucleolar bodies [43 ,44] , indicating active RdDM in these structures. Consistently, co-localization of RDM1 with DRM2, AGO4, and NRPE1 was also observed in the peri-nucleolar bodies [41 ] . These peri-nucleolar bodies, which have also been referred to as the AGO4-NRPD1b or AB bodies [43 ] , are distinct from Cajal bodies where AGO4 also localizes, since NRPE1 does not co-localize with a marker protein that is characteristic of Cajal bodies [43 ,44] . Interestingly, NRPB1 co-localizes with RDM1 and AGO4 in discrete foci in the nucleoplasm but not the peri-nucleolar bodies [41 ] . DRM2 is also found in these nucleoplasmic foci [41 ] . These observations suggest that there is active RdDM in the nucleoplasmic foci and Pol II may be an important part of this. By contrast, neither NRPE1 nor NRPD1 has a strong co-localization with AGO4 or RDM1 in the nucleoplasm. This suggests that RdDM in the nucleoplasmic foci is associated with Pol II but not Pol IV or Pol V transcription. It is possible that some RdDM target loci are methylated in the perinucleolar bodies, while other RdDM target loci are methylated in the nucleoplasmic foci. The RdDM in perinucleolar bodies would depend on scaffold RNAs produced by Pol V whereas Pol II produced scaffold RNAs would function in RdDM in the nucleoplasmic foci. Alternatively, the activities in the peri-nucleolar bodies and nucleoplasmic foci may be sequential. That is, part of the RdDM process may take place in the peri-nucleolar bodies and then the target sequences may exit to the nucleoplasm for further modification. Recent evidence suggests that while highly repetitive sequences may be silenced by Pol V-mediated RdDM in peri-nucleolar bodies, RdDM silencing of intergenic low-copy-number loci appear to also depend on Pol II in the nucleoplasm [27 ,28 ,41 ] (Figure 2) .
RdDM also appears to have a temporal pattern. NRPE4, a subunit required for Pol V, enters peri-nucleolar bodies only under certain circumstances, as indicated by the presence of NRPE4immunofluorescence signal foci, which overlap with the peri-nucleolar bodies containing AGO4 and NRPE1, in 50% of the nuclei examined [45 ] . Such a pattern suggests that Pol V-dependent RdDM is needed only at certain cell stages or in certain cell types. Although the latter can be time-independent, developmental regulation of heterochromatin de-compaction was observed in Arabidopsis [46] [47] [48] . For example, the leaf chromocenter reduces its compaction during floral transition [47] . Similarly, 5S rDNA de-condenses on the first day post-germination and subsequently requires NRPD/ E2a, a subunit common to Pol IV and Pol V, for recondensation [48] .
Conclusions
While recent studies improved our knowledge of RdDM, new questions arose whereas pre-existing questions remain. For instance, how is siRNA biogenesis initiated? What features define whether or not a locus may generate 24-nt siRNAs and whether or not it may be transcribed by Pol II and/or Pol V to produce scaffold RNAs? Do Pol II or Pol V transcripts provide templates for Pol IV or RDR2 in generating siRNAs? What specific proteins in the guiding complex interact with DRM2 to recruit it to RdDM target sites? There are probably additional components in the RdDM pathway, which remain to be identified through further genetic screens and biochemical studies. Distinct peri-nucleolar and nucleoplasmic foci are associated with RdDM. What is the relationship between the perinucleolar and nucleoplasmic sites and their RdDM activities? There may also be dynamic changes in RdDM components and activities during the cell cycle. Further cell biological studies are necessary for a better understanding of the spatial and temporal segregation of RdDM components and activities. 
